The protein targets for general anesthetics remain unclear. A tool to predict anesthetic binding for potential binding targets is needed. In this study, we explored whether a computational method, AutoDock, could serve as such a tool. METHODS: High-resolution crystal data of water-soluble proteins (cytochrome C, apoferritin, and human serum albumin), and a membrane protein (a pentameric ligand-gated ion channel from Gloeobacter violaceus [GLIC]) were used. Isothermal titration calorimetry (ITC) experiments were performed to determine anesthetic affinity in solution conditions for apoferritin. Docking calculations were performed using DockingServer with the Lamarckian genetic algorithm and the Solis and Wets local search method (http://www.dockingserver.com/web). Twenty general anesthetics were docked into apoferritin. The predicted binding constants were compared with those obtained from ITC experiments for potential correlations. In the case of apoferritin, details of the binding site and their interactions were compared with recent cocrystallization data. Docking calculations for 6 general anesthetics currently used in clinical settings (isoflurane, sevoflurane, desflurane, halothane, propofol, and etomidate) with known 50% effective concentration (EC 50 ) values were also performed in all tested proteins. The binding constants derived from docking experiments were compared with known EC 50 values and octanol/water partition coefficients for the 6 general anesthetics. RESULTS: All 20 general anesthetics docked unambiguously into the anesthetic binding site identified in the crystal structure of apoferritin. The binding constants for 20 anesthetics obtained from the docking calculations correlate significantly with those obtained from ITC experiments (P ϭ 0.04). In the case of GLIC, the identified anesthetic binding sites in the crystal structure are among the docking predicted binding sites, but not the top ranked site. Docking calculations suggest a most probable binding site located in the extracellular domain of GLIC. The predicted affinities correlated significantly with the known EC 50 values for the 6 frequently used anesthetics in GLIC for the site identified in the experimental crystal data (P ϭ 0.006). However, predicted affinities in apoferritin, human serum albumin, and cytochrome C did not correlate with these 6 anesthetics' known experimental EC 50 values. A weak correlation between the predicted affinities and the octanol/water partition coefficients was observed for the sites in GLIC. CONCLUSION: We demonstrated that anesthetic binding sites and relative affinities can be predicted using docking calculations in an automatic docking server (AutoDock) for both water-soluble and membrane proteins. Correlation of predicted affinity and EC 50 for 6 frequently used general anesthetics was only observed in GLIC, a member of a protein family relevant to anesthetic mechanism. (Anesth Analg 2012;114:947-55) 
T he introduction of general anesthetics into clinical practice for surgical operations and dental extractions in 1842 was one of the most important steps in the development of modern medicine. General anesthetics are widely used daily across the world for most surgical cases, interventional examination and therapy, and sedation. However, the mechanism of general anesthetics remains unclear. Many hypotheses have been proposed and some suggest that proteins in the central nervous system might be the target of the general anesthetic action. [1] [2] [3] [4] [5] [6] [7] [8] We and others have demonstrated that inhaled and IV anesthetics share identical sites in multiple proteins, which suggests that they may also share similar protein targets, most likely membrane protein, in the central nervous system. 2,9 -11 However, protein targets that are specifically responsible for states of anesthesia have not been well identified in the central nervous system, mainly because of the scarce amount of the individual protein in the central nervous system.
Although membrane proteins are considered to be the most probable target of general anesthetics, only a few proteins have been proven to have a specific interaction with general anesthetics. Many techniques have been developed and used to identify and explore direct anesthetic interactions with proteins; these include hydrogen exchange, 10 isothermal titration calorimetry (ITC), 9 fluorescence spectroscopy, 10, 12 photo-affinity labeling, 8 magnetic resonance imaging, 13 and crystallographic studies. 2, 9, 11 Among these techniques, the structural approaches provide atomistic information about the different interactions within the protein, especially interactions in the binding site. Despite the increase in the number of structures deposited in the Protein Data Bank (PDB) (http://www.rcsb.org/pdb), few structures are relevant to protein-anesthetic interactions. Because of the difficulties in obtaining such anesthetic-protein structures, it would be desirable to have a tool able to predict anesthetic binding interactions using available high-resolution protein structures.
Ligand-protein docking is a molecular modeling technique that can predict binding interactions. Pharmacological research uses docking techniques for a variety of purposes, most notably the virtual screening of large chemical databases to select potential drug candidates when the protein target(s) has been revealed. In the case of inhaled anesthetics, not only the identities but also the locations of their protein target(s) are unclear. It is possible to select a particular anesthetic and screen all proteins in the PDB to predict possible specific interactions using computational docking algorithms. However, it is important to evaluate the reliability of such docking tools.
AutoDock is an automated docking program that predicts the interaction between proteins and different ligands. 14, 15 AutoDock has been successfully used in designing new drugs 16 and revealing medication mechanisms. 17 It is one of the most frequently used applications for ligand and protein interaction predictions. 18 In this study, we performed such predictions for the case of general anesthetics in combination with recently available crystallization data for water-soluble proteins (cytochrome C, apoferritin, and human serum albumin [HSA] ) and for a membrane protein (a pentameric ligand-gated ion channel from Gloeobacter violaceus [GLIC]). 11, 19 The binding constants for apoferritin derived from docking experiments for 20 anesthetics were compared with those obtained from ITC; the binding constants for all the tested proteins for 6 clinical general anesthetics were correlated with their known anesthetic 50% effective concentration (EC 50 ) values. 20 
METHODS
Waiver from the IRB at the University of Pennsylvania was assumed because there was no human subject or animal involved in this study. Horse serum apoferritin was purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals were purchased from Fisher Scientific as A.C.S. (American Chemical Society) grade or higher, and were used without further purification unless otherwise specified.
Docking
Docking calculations were performed using DockingServer (http://www.dockingserver.com/web). 21 Semiempirical charges calculated by MOPAC2009 were added to the ligand atoms (http://openmopac.net/MOPAC2009.html). 22 Nonpolar hydrogen atoms were merged, and rotatable bonds were defined. Docking calculations were performed on multiple protein structures including apoferritin, HSA, cytochrome C, and GLIC. The high-resolution structure of apoferritin was solved in our laboratory (PDB code: 3F33). 11 The highresolution structures of GLIC (PDB code: 3P4W), 19 HSA (PDB code: 1E7C), 2 and cytochrome C (PDB code: 3NBS) 23 were obtained from the PDB. Cytochrome C was used as a negative control for anesthetic binding site evaluation because we have demonstrated that it has no specific interaction with anesthetics using various direct binding techniques. 24, 25 Both HSA and apoferritin have been used as models for anesthetic binding interactions. 2,9 -11,26 Using AutoDock tools, essential hydrogen atoms, Kollman united atom type charges, and solvation parameters were added to the different proteins. Affinity (grid) maps of 50 ϫ 50 ϫ 80 Å grid points for apoferritin, cytochrome C, and HSA, and 25 ϫ 25 ϫ 50 Å grid points for GLIC with 0.375 Å spacing in both cases, were generated using the Autogrid program. 27, 28 Anesthetic binding searches were performed using the Solis and Wets 29 local search method with a Lamarckian genetic algorithm. Initial position, orientation, and torsions of the anesthetic molecules were set randomly. During the search, a translational step of 0.2 Å and torsion steps of 5°w ere applied. Docking calculations are the result of 100 independent runs with each run terminating after a maximum of 2,500,000 energy evaluations. Two indices that may be used for ranking the docking results include the free energy of binding and the frequency of the most probable binding site(s). Frequency represents the percentage of these runs that resulted in similar geometry (within a root mean square deviation tolerance of 2.0 Å). In this study, we chose the predicted site with a dominant frequency and a dominant energy (1 kcal lower than the rest) to unambiguously identify the best prediction. If there was discrepancy of the predicted dominant frequency and dominant energy, the site with Ͼ10% frequency and with the lowest free energy of binding was chosen as the most probable binding site. The estimated binding constant (K d ) is derived from ⌬G ϭ ϪRTlnK equation, where ⌬G is directly calculated during docking runs using the AutoDock scoring function.
Twenty general anesthetics were selected for docking studies with apoferritin (Table 1 ). Also, 6 general anesthetics (Table 2 ) currently used in clinical settings were selected 
Isoflurane (10) Halothane (11) Sevoflurane (12) 1-chloro-1,2,2-trifluorocyclobutane (13) Aminoanthracene (14) Trichloroethylene (15) 2,6-dimethyl phenol (16) Chloroform (17) Fluroxene (18) Benzene (19) Phenol (20) The numbers in parentheses are used as labels for the anesthetics in Figure 4 .
for docking calculations with GLIC, apoferritin, HSA, and cytochrome C because the EC 50 values for these 6 general anesthetics are available. 20 The coordinates of the tested ligands were obtained from the PubChem database (http://pubchem.ncbi.nlm.nih.gov/). PyMOL was used to generate the graphical renderings (version 1.3, Schrö dinger, LLC: http://www.pymol.org/).
Isothermal Titration Calorimetry
ITC is a technique that can measure the full thermodynamic profile of 2 molecules binding directly in solution conditions. The method consists of ultra-sensitive measurements of the heat changes that occur when ligand and protein are mixed. By fitting the heat signal of multiple systematic injections of ligand into protein solutions, thermodynamic profiles, including the association constant (K a ) and stoichiometry (n), can be determined. We and others have demonstrated good agreement of ITC results with data derived from other techniques. 9, 26, 30, 31 In this study, titrations were performed at 20°C using a Microcal, Inc. VP ITC (Northampton, MA). The sample vessel contained 25 M apoferritin in 130 mM NaCl, 20 mM NaHPO 4 , pH 7.0, and the reference vessel contained water. Ligand (up to 1.5 mM) was titrated into the protein sample cell, using volumes of 20 L for each titration, with 5-minute intervals between titrations. The signals of ligand into buffer, buffer into protein, and buffer into buffer were subtracted after separate titrations. Origin 5.0 (Microcal Software, Inc., Northampton, MA) was used to fit thermodynamic parameters to the heat profiles. The following formula was used for data fitting:
where K is the binding constant, n is the number of sites, V 0 is the active volume involved in interaction, M t is the total concentration of protein in V 0 , X t is the total concentration of ligand, H is the molar heat of ligand binding, and Q is the total heat content of the solution contained in V 0 (determined relative to zero for the unliganded species) at fractional saturation.
Correlation Analysis
To further evaluate the accuracy of the docking algorithm to correctly predict the interaction of proteins and anesthetics, the predicted affinity obtained from docking experiments for the tested anesthetics with apoferritin was compared with the experimental affinity obtained from ITC experiments using linear regression. In a similar manner, the predicted affinity from docking calculations for the tested anesthetics with apoferritin, HSA, cytochrome C, and GLIC was compared with the known EC 50 for these anesthetics available in the literature. 20 Linear regression calculation was performed using GraphPad software (La Jolla, CA; Prism version 5.02: http://www.graphpad.com/). A P value Ͻ0.05 was considered statistically significant for a linear correlation.
RESULTS

Predicted Location of Anesthetic Binding Sites in 3 Proteins with Cocrystal Structures
Top ranked sites from the docking calculations for all 20 general anesthetics are consistent with the anesthetic binding site identified in the crystallographic structures for apoferritin. In the case of propofol, for example, the predicted orientation of the ligand overlaps very closely to the orientation in the crystallographic data as shown in Figure  1 . In the case of GLIC, the anesthetic binding site observed in the crystal structure is among the top 3 ranked potential binding sites for the 6 tested anesthetics in docking prediction. As indicated in Figure 2A , one of the predicted desflurane geometries overlaps well with the orientation of the ligand in the crystal structure of GLIC. Whereas the most probable (top ranked) site for propofol and etomidate is consistent with the crystallographic binding site in GLIC, the predicted most probable site identified for desflurane, using the same criteria from the server (http://www.dockingserver.com/web), 21 is not consistent with the one identified in the crystal structure. 19 As indicated in Figure 2B , an additional binding site not identified from the crystallographic data for GLIC is predicted for desflurane. Propofol was also docked into this extracellular site with less probability. The interacting residues for the top ranked site for the inhaled anesthetics tested with GLIC are listed in Table 3 . The top ranked binding sites identified in HSA for anesthetics (propofol and halothane) are consistent with those of the crystal data (data not shown). Finally, there are no available cocrystal data for cytochrome C with anesthetics for comparison purposes and no common sites for anesthetics were identified from docking calculations.
Predicted and Actual Affinities of Anesthetics for Apoferritin
As reported previously, 9, 31 the interaction between all the tested anesthetics and protein exhibited a heat release process and the interaction is saturable with the increase of the concentration of each anesthetic. As shown in Figure 3 , the heat release diminished to almost zero when enough thiopental was titrated into apoferritin. The binding constants (K d -docking) for the 20 anesthetics obtained from the docking calculations correlate significantly with the dissociation constant (K d -ITC) obtained from ITC experiments, as shown in Figure 4 (P ϭ 0.04). Docking predictions underestimate the affinities, but the differences are only at most 7 mM when compared with the values from ITC.
Predicted Anesthetic Affinities and Known Experimental Anesthetic EC 50 Values
The predicted affinity of the tested general anesthetics for GLIC shows significant correlation with the available EC 50 Figure 5A (P ϭ 0.018). Interestingly, there is a correlation whether the affinity of the most probable site predicted by docking is used or the affinity of the site identified by both docking and crystal data is used. It seems that the affinity for the site in the transmembrane helix correlates better (r 2 ϭ 0.98, P Ͻ 0.0001) than the affinity for the most probable site ranked by docking and located in the extracellular domain (r 2 ϭ 0.89, P ϭ 0.006). Figure 5 also demonstrates that the predicted affinity from docking correlates with anesthetic potency for a protein (GLIC) that is a member of a protein family having a potential relationship with anesthetic mechanism, but not for a water-soluble protein (apoferritin) that has no potential role in the anesthetic pharmacological action. The desflurane molecule from the radiograph structure is yellow whereas the predicted structure from docking is magenta. B, The most probable binding site predicted by docking (orange) is located in the extracellular domain of GLIC. The predicted structure (yellow) docked in the crystallographic binding site is also shown. The extracellular domain is blue whereas the transmembrane domain is gray. GLU82  GLU82  ASN83  ASN83  ASN83  ASN83  ALA84  ALA84  ALA84  ALA84  ASP86  SER107  ARG85  ASP86  SER107  ALA108  ASP86  SER107  ALA108  ARG109  SER107  ALA108  ARG109  ALA108 ARG109 ARG109
There are no significant correlations between known EC 50 values for these frequently used anesthetics and the predicted affinity from docking in soluble protein that does not bind anesthetics (cytochrome C) or has no potential role in pharmacological action for general anesthetics (P ϭ 0.18 for Fig. 6B , P ϭ 0.52 for Fig. 5B , and P ϭ 0.16 for Fig. 6A for cytochrome C, apoferritin, and HSA, respectively).
Predicted Anesthetic Affinities and Known Octanol/Water Partition Coefficients
There was a weak but significant correlation between the predicted affinities and the known octanol/water partition coefficients of the tested general anesthetics in GLIC (Fig.  7) . 32 There was no significant correlation between the predicted affinities and the known octanol/water partition coefficients in HSA (Fig. 8A) and apoferritin (Fig. 8B ).
DISCUSSION
In this study, we demonstrated that binding sites for general anesthetics for both water-soluble proteins (apoferritin and HSA) and a membrane protein (GLIC, a ligandgated ion channel protein) can be predicted reasonably well using docking algorithms. The calculated affinity correlates well with K d values obtained from ITC experiments for apoferritin and with known EC 50 values for GLIC.
Docking as an Alternative Tool for Anesthetic Binding Site Identification
Molecular docking is an essential method in structurebased drug design when a specific target protein structure is known via high-resolution techniques including nuclear magnetic resonance, radiograph crystallography, and reliable computational modeling.
14,18,27,33,34 Multiple molecular docking programs have been developed, many of them with good interactive interfaces and tools that help to set up the calculations easily. In this study, a Web-based docking server was tested. Acquiring a powerful computational infrastructure for running the programs is not necessary.
In this study, the docking algorithm identified the binding sites consistent with crystallographic data in both water-soluble protein and membrane protein. These results suggest that a docking algorithm is a useful alternative tool to identify probable anesthetic binding sites. Possible applications include (i) the ability to choose representative ligands to screen all available high-resolution protein structures for possible interactions with anesthetics; (ii) the ability to select a model protein structure that might represent an anesthetic target to screen available chemical compounds for the discovery of new anesthetics; and (iii) the ability to provide atomistic details about the orientation of the ligands inside the binding pocket (also referred to as the binding mode or pose), which could be used to design more potent and selective anesthetics for safer clinical applications. 35 The advantage of using computational docking algorithms is that no actual protein is needed for large-scale predicting experiments and also no complicated settings and preparations are needed. In contrast, many other techniques require a large amount of protein, which is often a significant challenge, especially in the case of Table 1 ). These data indicate that the predicted affinity from docking could predict relative strength of binding between anesthetics and their protein targets.
membrane proteins. Binding mode and atomic interactions between ligand and protein can also be predicted and analyzed in detail. Another advantage is that no solubility issue is involved for both membrane proteins and hydrophobic ligands. Docking is currently in a relatively mature stage of development, but it is still far from perfect. 18, 36 Many docking programs predict known protein bound poses with averaged accuracy of approximately 1.5 to 2 Å with reported success rates in the range of 70% to 82%. 35, 37 False-positive results are the major disadvantages of the computational aspects of a docking algorithm. The docking output usually gives multiple possibilities of interactions either represented in different binding sites or in different orientations in the same binding sites. It is difficult to know the reliability of predictions using only the docking method. Thus, it is important to verify these findings using experimental binding studies, functional assays, and structural determinations.
In this study, the predicted anesthetic binding sites in apoferritin and HSA are consistent with crystallographic data. The most probable binding site for inhaled anesthetics in GLIC is in the extracellular domain rather than the one identified by crystallographic study in the transmembrane domain. It is unclear from this study whether this is a false positive of docking or a binding site not resolved in the crystal structure. In the experimental crystal data, detergent was used to solubilize the protein, and it is possible that the detergent may have excluded this anesthetic binding site. Interestingly, a recent study indicated that the proton activation site(s) of GLIC is located in the extracellular domain, as observed electrophysiologically using Xenopus oocytes that overexpress a chimera in which the extracellular domain of GLIC is fused to the transmembrane domain of the human ␣1 glycine receptor. 38 We included the interacting residues in Table 3 for all the tested anesthetics for potential mutagenesis studies to verify this potential anesthetic binding site in the extracellular domain of GLIC.
The Role of ITC
ITC has been successfully used to investigate the interaction between anesthetics and proteins. 9, 26, 30, 31 It is a unique tool to characterize molecular interaction by monitoring Figure 5 . A, Significant correlations are observed between predicted affinity for both the top ranked binding site (Kd-docking_top ranked) and the site consistent with the one in crystal structure from docking (Kd-docking_same site) and known 50% effective concentration (EC 50 ) values for 6 clinically used anesthetics (Table 2 ) in pentameric ligand-gated ion channel (GLIC). B, No significant correlation was observed in the case of apoferritin. These data demonstrate that the predicted affinity from docking correlates with anesthetic potency in a protein (channel protein, GLIC) that has a potential relationship with anesthetic mechanism, but not in a protein (apoferritin as water-soluble protein) that has no potential role in pharmacological action. Halo ϭ halothane; Sevo ϭ sevoflurane; Iso ϭ isoflurane; Des ϭ desflurane. Figure 5B demonstrate no significant correlation between the EC 50 values of the anesthetics in Table 2 and the predicted affinities from the top ranked docking results in soluble proteins. Halo ϭ halothane; Sevo ϭ sevoflurane; Iso ϭ isoflurane; Des ϭ desflurane.
heat changes when specific interactions occur between molecules. The advantage of using ITC is that no specific modification is needed for target molecules in solution conditions. A typical ITC experiment takes only a few hours, and the protein can be recycled after anesthetic titration. Therefore, ITC may be a good method to screen and/or confirm anesthetic-protein binding quickly. If the experiment is designed properly, the binding constant and the number of binding sites as well as enthalpic and entropic components of binding affinity can be obtained. We have used ITC as a tool to identify new binding proteins for general anesthetics successfully and as a tool to confirm anesthetic binding predicted or observed using other techniques. 9, 26, 30, 31 In the present study, ITC was used as a tool to obtain binding constants for all the tested anesthetics to apoferritin. Although ITC measures the global affinity of macromolecules, it is predictable that the overall affinities of anesthetics to apoferritin obtained from ITC correlate well with those obtained from docking calculations because there is only one binding site in apoferritin, as demonstrated previously via cocrystallization. 9 Thus, a model with one binding site was used to fit the isotherm data. The measured affinity correlates well with that obtained from docking calculations. The tendency to underestimate the affinity by docking may be caused by the absence of solvent effect and direct participation of water molecules in protein-ligand interactions. Additionally, the lack of protein flexibility upon ligand binding could also have an important role. The disadvantage of using ITC for direct binding studies is that purified macromolecules and ligands are needed. False-negative results may be caused by a low concentration of target molecules; thus, solubility is a very important limiting factor.
Predicted Affinity, Known EC 50 , and Octanol/ Water Partition Coefficients Although only 6 general anesthetics used in the clinical setting with known EC 50 values were included, only the docking-predicted affinity for GLIC correlates well with their known EC 50 values. There is no significant correlation of the predicted affinity for 3 soluble proteins (cytochrome C, apoferritin, and HSA) with the known EC 50 values for these 6 general anesthetics. There is no doubt that these soluble proteins have no apparent relationship with anesthetic mechanism(s). This indicates the possibility of this automatic docking algorithm and correlation calculation for predicting anesthetic binding site(s) and confirms its potential use as a tool for searching anesthetic binding targets related to anesthetic mechanism(s). Further analysis of the relationship of the predicted affinities with octanol/ water partition coefficients demonstrates a weak correlation in GLIC, but not in apoferritin or HSA. In addition to revealing the potential binding site, these findings indicate that docking is revealing something more interesting than mere hydrophobicity.
Precautions in Data Interpretation
Although binding entropy and the solvation/desolvation of ligands are considered in AutoDock, the "apparent" calculated free energy change is approximate and derived from the static interaction between ligand and the rigid protein. Significant deviation from true affinity should be expected. Although the K d derived from ITC may reflect the true affinity, significant error may occur if the number Figure 7 . Significant correlations between predicted affinity for both the top ranked binding site (Kd-docking_top ranked; r 2 ϭ 0.85, P ϭ 0.0087) and the site consistent with the one in the crystal structure from docking (Kd-docking_same site; r 2 ϭ 0.89, P ϭ 0.0051) for 6 clinically used anesthetics with known logP (Table 2) in pentameric ligand-gated ion channel (GLIC) are shown. Halo ϭ halothane; Sevo ϭ sevoflurane; Iso ϭ isoflurane; Des ϭ desflurane. Figure 8 . No significant correlations between predicted affinity and known logP for 6 clinically used anesthetics (Table 2) with human serum albumin (HSA) (A) (r 2 ϭ 0.63, P ϭ 0.059) and apoferritin (B) (r 2 ϭ 0.002, P ϭ 0.93) are shown. Halo ϭ halothane; Sevo ϭ sevoflurane; Iso ϭ isoflurane; Des ϭ desflurane.
of binding sites and the character of the binding sites are unknown because the total heat profile is dictated by both number of binding sites and affinity. In the case of apoferritin, both the number and character of binding sites are known. The EC 50 reflects the potency of each compound, and in the case of general anesthetics, stronger affinity to the target protein could be reflected as stronger potency. However, the correlation between potency and affinity of a specific protein does not necessarily indicate that the protein is related to the mechanism of action.
In conclusion, we demonstrated that anesthetic binding sites and relative affinities can be predicted using docking calculations in an automatic docking server (AutoDock) for both water-soluble and membrane proteins. Correlation of predicted affinity and EC 50 for 6 frequently used general anesthetics was observed only in GLIC, a membrane protein with potential relevance for understanding anesthetic mechanisms.
